ABSTRACT Two experiments were conducted to evaluate the effect of supplemental Gln on growth performance, development of the gastrointestinal tract, and humoral immune response of broilers. Immediately after hatch 6 replicate pens of 6 chicks were randomly assigned to 1 of 7 (experiment 1) or 5 (experiment 2) dietary treatments for 21 d. On d 4, 7, 14, and 21, twelve chicks per treatment (2 chicks/pen) were killed for thymus, spleen, bursa, duodenum, jejunum, ileum, bile, and blood sample collections and weights. In experiment 1, the effect of 1 or 4% Gln addition to the feed, water, or both was compared with a corn-soybean meal (SBM) control diet. All diets were formulated to be isocaloric and isonitrogenous. Weight gain improved significantly (P < 0.05) when chicks were fed diets with 1% Gln as compared with chicks fed the control diet (11% average improvement). The addition of 4% Gln to the diet or water depressed (P < 0.05) growth
INTRODUCTION
L-Glutamine is the most prevalent amino acid in the bloodstream, accounting for 30 to 35% of the amino acid N in the plasma and in the free amino acid pool in the body (Newsholme et al., 1985) . Because Gln contains 2 ammonia groups, one from its precursor, glutamate, and the other from free ammonia in the bloodstream, Gln acts as a "nitrogen shuttle" that helps protect the body from high levels of ammonia (Labow, 2001) . Thus, Gln can act as a buffer, accepting excess ammonia and then releasing it when needed to form other amino acids, amino sugars, glucose, proteins, nucleotides, glutathione, and urea (Souba, 1993; Rennie, 2001) . This capacity to accept and donate N makes Gln the major vehicle for nitrogen transfer between tissues. Glutamine is the principal metabolic fuel for small intestine enterocytes, lymphocytes, macrophages, and fibroblasts (Cynober, 1999; Andrews and performance. Based on the results from experiment 1, 1% Gln supplementation to the diet was determined to be ample and most practical. Thus in experiment 2, diets supplemented with 1% Gln were fed for 4, 7, 14, or 21 d after which time chicks were fed the corn-SBM control diet until the experiment was terminated at 21 d. Weight gain improved significantly (P < 0.05) when chicks were fed diets supplemented with 1% Gln throughout the 21-d study. In both experiments, chicks fed diets supplemented with 1% Gln for 21 d had higher concentrations of bile, intestinal, and sera IgA and sera IgG (P < 0.05). Chicks fed diets with 1% Gln had heavier intestinal relative weights and longer intestinal villi (P < 0.05) as compared with the chicks fed the corn-SBM diet. Our results indicate that the addition of 1% Gln to the diet of broiler chicks improves growth performance and may stimulate development of the gastrointestinal tract and humoral immune response. Griffiths, 2002) and is considered an essential amino acid in some species under inflammatory conditions such as infection and injury (Newsholme, 2001) . Calder (1999) reported that in culture Gln is utilized at a high rate by cells of the immune system and is required to support optimal lymphocyte proliferation and cytokine production by lymphocytes and macrophages. Glutamine is also the precursor for the net synthesis of Arg, which has been shown to increase thymus and spleen size in mice (Adjei et al., 1994) , increase cytokine production, and enhance lymphocyte proliferation (Reynolds et al., 1988) .
Many benefits have been observed due to Gln supplementation in the diet of humans and rats; however, little research has been done with swine and poultry. Yi et al. (2001) reported that supplementing the diet with 1% Gln improved weight gain and feed efficiency (weight gain:feed intake) of turkey poults during the first week posthatch as compared with poults fed a standard cornsoybean meal (SBM) diet. Kitt et al. (2002) reported that the addition of 1% Gln to the diet improved the feed efficiency in weanling pigs. Glutamine supplementation increased intestinal villus height in poults (Yi et al., 2001) and weanling pigs (Kitt et al., 2002) . Glutamine supplementation has been reported to stimulate gut mucosal proliferation in rats (Inoue et al., 1993) . It has also been observed that supplementing with 1.5% Gln in total parenteral nutrition diets maintains gut integrity (Naka, 1996) , which is important in preventing bacterial infections, and Gln has been shown to prevent intestinal hyperpermeability and bacterial translocation in mice during an immunological challenge (Adjei et al., 1994) . During stressful conditions, intestinal permeability increases allowing bacteria to enter the bloodstream, thus causing infection (Adjei et al., 1994) , and Gln has also been shown to decrease the incidence of infection in surgery and trauma patients (Newsholme, 2001; Medina, 2001; Andrews and Griffiths, 2002) .
To date little research has been conducted on the use of Gln supplementation in poultry diets. Therefore, 2 studies were conducted to determine the effect of Gln supplementation on growth performance, development of the gastrointestinal tract, and humoral immune response of broiler chicks.
MATERIALS AND METHODS
Two studies were conducted with Cobb 500 by-product male chicks obtained from a local hatchery and immediately placed in Petersime battery cages (Petersime Incubator Co., Gettysburg, OH) with wire-mesh floors in an environmentally controlled room. Chicks were weighed and randomly allotted to pens such that each pen of chicks had a similar initial weight distribution. Chicks were maintained on a 24-h constant lighting schedule, and the room temperature was maintained at 24 to 27°C. Chicks had ad libitum access to feed and water. The treatment diets were formulated to meet the NRC (1994) recommendations and were fed from 0 to 21 d of age. The experimental diets were formulated to be isonitrogenous and isocaloric with 22.5% CP, 3,150 kcal of TME/kg, a constant fat level of 5%, with sand as a filler (Table 1) . L-Lysine-HCl and L-Thr had to be supplemented to the 4% Gln diet to meet the NRC (1994) amino acid recommendations because of the large change in SBM inclusion (2.72% difference in SBM between control and 1% Gln diet and 8.84% difference between the 1% Gln and 4% Gln diets). Glutamine levels in the control and treatment diets were not measured or could not be calculated as no accurate method of measuring Gln in feed ingredients has been determined, and no estimates of Gln levels in corn or SBM could be found. Group body weight and feed intakes were measured on d 4, 7, 14, and 21. Weight gain and feed efficiency (gain:feed) were calculated for each pen. At the occurrence of mortality feed intake was adjusted based on bird days on feed.
Experiment 1
Experiment 1 was conducted to evaluate the effects of Gln supplementation, the optimal level of Gln supplementation (1 or 4% Gln) and the best route of administration (addition to the feed, water, or both) and to determine if the positive benefits observed in humans and rats can be viewed in poultry. Four hundred twenty chicks were randomly divided into 7 treatment groups of 6 replicates of 10 birds each. The treatment groups were as follows: 1) control, a standard corn-SBM diet, 2) corn-SBM diet supplemented with 1% Gln, 3) 1% Gln added to standard city drinking water, with the water treatments mixed every 7 d and the birds fed the control diet, 4) corn-SBM diet supplemented with 1% Gln and 1% Gln added to city drinking water, 5) corn-SBM diet supplemented with 4% Gln, 6) 4% Gln added to standard city drinking water, with the water treatments mixed every 7 d and the birds fed the control diet, and 7) corn-SBM diet supplemented with 4% Gln and 4% Gln added to city drinking water. Due to the problem of Gln precipitating out of solution in the water treatments and low water intake, the water treatments were discontinued at d 14.
Experiment 2
Experiment 2 was conducted to determine how long the 1% Gln needed to be supplemented in the diet to achieve the improvement in growth performance, enhancement in development of the gastrointestinal tract, and antibody concentrations observed in experiment 1. Three hundred chicks were randomly divided into 5 treatment groups of 6 replicates of 10 birds each. The chicks were fed a standard corn-SBM control diet or a corn-SBM diet supplemented with 1% Gln (Table 1 ). The experimental treatments were as follows: 1) control, a corn-SBM diet fed until 21 d of age, 2) a corn-SBM diet supplemented with 1% Gln fed for 4 d after which time the chicks were fed the control corn-SBM diet until 21 d of age, 3) a corn-SBM diet supplemented with 1% Gln fed for 7 d, then the control diet fed from d 8 to 21, 4) the corn-SBM diet supplemented with 1% Gln fed for 14 d after which time the control corn-SBM diet was fed until 21 d of age, and 5) a corn-SBM diet supplemented with 1% Gln fed for the entire 21 d experimental period.
Sampling
In experiments 1 and 2, twelve chicks per treatment (2 chicks per pen) were randomly selected on d 0, 4, 7, 14, and 21 for sampling of blood, organ weights, and intestinal measurements. Chicks were weighed and killed by cervical dislocation, and then the abdominal cavity was opened. The thymus, spleen, and bursa were removed and weighed. The thymus weight was determined as the 5 lobes located bilaterally on the sides of the esophagus. For intestinal weight measurements, the small intestine was removed and divided into 3 segments: duodenum (from gizzard to entry of the bile and pancreatic ducts), jejunum (from entry of the ducts to Meckel's diverticulum), and ileum (from Meckel's diverticulum to the ileocecal junction). The ileum was flushed with 10 to 20 mL of deionized water, and the empty weight was recorded. Because morphologic analysis of the duodenum and jejunum was to be determined, these segments were flushed with 20 mL of physiological saline solution, and the empty weight was recorded. Organ weights were expressed on a relative (g/100 g of BW) BW and an absolute basis. For morphologic analysis, approximately 5 cm of the middle portion of the duodenum and jejunum (the apex of the duodenum and midway between the point of entry the bile ducts and Meckel's diverticulum of the jejunum) was excised and fixed in 10% formalin. Six cross sections of 70% ethanol-preserved segments for each duodenal and jejunal sample were then prepared for staining with hematoxylin and eosin using standard paraffin embedding procedures (Uni et al., 1995) . A total of 4 intact, well-oriented villi were selected in 6 replicates for each intestinal cross section (24 measurements for each intestinal sample with 288 measurements per treatment). Villus height was measured from the tip of the villi to the villus crypt junction. Morphological indices were determined using computer-aided light microscope (16× magnification of the objective lens) image analysis (Image-Pro Plus Version 3.0, Media Cybernetics, Silver Spring, MD).
Blood, bile, and jejunum samples were collected from 2 birds per pen (12 birds per treatment) on d 7, 14, and 21 in experiments 1 and 2. Blood was obtained by jugular venipuncture from each bird. Blood samples were centrifuged at 1,000 × g for 10 min at room temperature, and the serum fraction was frozen and stored at −20°C until analyzed. The birds were killed by cervical dislocation, and bile and jejunal samples were obtained. Bile was aspirated from the gall bladder with a 25-gauge needle coupled to a 3-mL syringe and then stored at −20°C until IgA analysis was conducted. The jejunum, i.e., the portion of the small intestine between the opening of the pancreobiliary ducts and the Meckel's diverticulum, was excised from each bird. Ten centimeters of the middle portion of the jejunum was separated and stored at −20°C until prepared for analysis. At the time of analysis, the jejunal samples were thawed at room temperature, 2 g of jejunal sample was weighed, 20 mL of deionized water was added, and it was homogenized for 30 s with a mechanical homogenizer (VirTis, Gardiner, NY). An aliquot (5 mL) of the sample was centrifuged at 20,000 × g for 30 min. The supernatant was obtained and stored at −20°C until analyzed for IgA concentration.
Analysis of Ig in Serum, Bile, and Intestine
Serum samples for all treatment and age groups were analyzed for IgA and IgG at the same time to avoid variation that may occur with analyses done at different times. Serum, bile, and jejunal IgA, and serum IgG was determined using a double antibody technique ELISA kit (Bethyl Laboratories Inc., Montgomery, TX). Absorbance was measured at 450 nm. The absorbance of the control wells were adjusted to zero prior to measuring absorbance in the samples. Because absorbance units are linearly related to the logarithm of the Ig concentration (Piquer et al., 1991) , we considered that the absorbance measurements obtained could be used as estimates of Ig concentrations. Therefore, no standard curve was used to calculate Ig concentration.
Statistical Analysis
All the data were subjected to ANOVA procedures for completely randomized designs using the GLM procedure of SAS (SAS Institute, 2002) . Statistical significances of differences among treatment group means were determined using Duncan's multiple range test (Duncan, 1955) . Single degree of freedom orthogonal contrasts were performed to compare the effects of 1% Gln supplementation in the feed vs. the control diet in experiment 1 and in experiment 2 to compare the effect of Gln supplementation for any length of period vs. the control. A probability level of P ≤ 0.05 was used to denote statistical significance.
RESULTS

Experiment 1
By d 14, BW gain significantly increased in birds that were fed diets supplemented with 1% Gln when compared with the control birds fed the standard corn-SBM diet (P < 0.0001; Table 2 ). Weight gain had increased 11% by 21 d of age in the birds fed diets supplemented with 1% Gln compared with the birds fed the control diet. Although the cumulative (0 to 21 d) weight gain of birds Results are not shown for the water treatments after 14 d as these treatments were terminated at d 14.
fed diets supplemented with 1% Gln was not statistically different from birds fed the control diet, it is numerically greater, and when a single degree of freedom orthogonal contrast was performed they were significantly different (P < 0.0001). Due to the problem of Gln precipitating out of solution in the water treatments and the low water intake observed in these groups, the water treatments were discontinued at d 14; therefore, data for these treatments are not displayed in the tables after 14 d of age. Body weight gain was significantly depressed in birds fed diets supplemented with the 4% level of Gln (P < 0.0001).
Glutamine supplemented at the 1 or 4% level in the feed, water, or both did not consistently affect feed efficiency (Table 3 ). The thymus (0.51 vs. 0.35 g) and spleen (0.13 vs. 0.08 g) relative weights of broilers were significantly heavier when 1% Gln was supplemented in the feed and water compared with the birds fed the control corn-SBM diet (P < 0.05; data not shown). The duodenum (1.56 to 1.66 g vs. 1.30 g) and jejunum (2.41 to 2.45 g vs. 2.07 g) relative weights were significantly heavier with the addition of 1 and 4% Gln supplementation in the feed, water, or both compared with the control birds (P < 0.05; data not shown). Glutamine supplementation in the feed, Means within columns having the same superscript do not differ significantly (P < 0.05).
1 Gain:feed = weight gain (g)/feed intake (kg).
2
Means represent 6 pens per treatment; 10 chicks per pen (60 chicks per treatment).
3
Results are not shown after 14 d for the water treatments as these treatments were terminated at 14 d of age.
water, or both did not affect the chick's bursa weight. Villi length in the duodenum and jejunum (Table 4) were significantly longer in the birds fed diets supplemented with Gln, with the birds fed the diet with 4% Gln having the longest villi (P < 0.0001).
The birds fed diets supplemented with 1% Gln had significantly higher IgA concentrations in the serum (Table 4) and bile (data not shown) than the controls birds (P < 0.05). By d 21, the birds fed diets supplemented with 4% Gln had significantly lower IgA concentrations in the serum (P < 0.001) compared with birds fed the control diet and birds fed diets supplemented with 1% Gln. The d-21 IgA intestinal concentrations were significantly higher in the birds fed the 1% Gln supplemented diet than the birds fed the control corn-SBM diet (P < 0.01). The birds fed diets supplemented with 1% Gln had significantly higher IgG concentrations in the serum by 21 d of age than the birds fed the control diet (P < 0.03).
Experiment 2
There was no significant benefit from 1% Gln supplementation in the feed on chick performance until d 14 Means within columns and age period having the same superscript do not differ significantly (P < 0.05).
1
( Table 5 ). Overall, birds fed diets supplemented with 1% Gln for at least 14 d had significantly better BW gain compared with the birds fed the control diet, with the birds fed 1% Gln for 21 d having the largest gain (P < 0.02). The BW gain difference was 10.9% between the birds fed the control diet and the birds fed diets supplemented with 1% Gln for 21 d. There was no improvement in feed efficiency due to the addition of Gln (Table 6 ). The birds fed diets supplemented with 1% Gln for 21 d had significantly heavier duodenum (1.37 vs. 1.06 g) and jejunum (2.05 vs. 1.83 g) relative weights as compared with the birds fed the control diet (P < 0.05; data not shown). There was no impact on the thymus, spleen, and bursa weights due to the addition of Gln. The supplementation of Gln in the diet of broilers for any length of time yielded significantly longer villi in the duodenum and jejunum (Table 7) compared with the villi length of the control birds (P < 0.0001). The birds fed diets supplemented with 1% Gln for 7 d or more had significantly higher IgA concentrations in the serum and bile (data not Means within columns having the same superscript do not differ significantly (P < 0.05).
2
Using single degree of freedom contrast the control vs. 1% Gln fed for any length of time is significantly different (P < 0.05) at 14 d of age.
shown) than the control birds (P < 0.05). Although the chicks fed diets supplemented with Gln had higher IgA concentrations, when Gln supplementation was discontinued, the concentrations began to decline to those of the control birds. The d-21 intestinal IgA concentrations were higher in the birds fed diets supplemented with 1% Gln for any length of time compared with that of the control birds (P < 0.01). The birds fed diets supplemented with 1% Gln had significantly higher IgG concentrations in the serum compared with the control birds (P < 0.04).
DISCUSSION
Significant improvements in body weight gain were observed when 1% Gln was supplemented in the feed for 21 d as compared with the birds fed the corn-SBM diet (an average 11% increase). This finding was surprising because improvements in weight gain had not been reported in swine (Kitt et al., 2002) or other species due to Gln supplementation. Yi et al. (2001) did report an Means within columns having the same superscript do not differ significantly (P < 0.05).
2
improvement in BW gain in turkey poults fed diets supplemented with 1% Gln, but it was only noted for the first week of age. An improvement in feed efficiency was not observed; however, improvements in feed efficiency had been noted in swine (Kitt et al., 2002) and turkey poults (Yi et al., 2001 ) when they were fed a diet supplemented with 1% Gln. The weight depression observed in chicks fed diets supplemented with 4% Gln may indicate a toxic effect when supplemented at 4% in the feed. However, the reduction in weight gain of the birds fed the diet supplemented with 4% Gln may also be due to the large decrease in SBM in the 4% Gln diet (26.7% SBM) vs. the control diet (38.3% SBM). Although the diets were formulated to meet or exceed the NRC (1994) total amino acid recommendations, the control diet and the diet with only 1% Gln had much higher levels of all the indispensable amino acids (except for the total sulfur amino acids) than the levels in the 4% Gln diet, which may be the main Means within columns and age period having the same superscript do not differ significantly (P < 0.05).
1
reason for the lower growth performance of broilers fed the diet supplemented with 4% Gln. The weight depression observed in chicks fed diets supplemented with 4% Gln may also indicate the high levels of Gln have an effect and depress feed intake. Because there was no difference in feed efficiency but an effect on weight gain, it is clear that there was a decrease in feed intake. The birds fed diets supplemented with Gln had significantly longer intestinal villi than the intestinal villi of birds fed the control corn-SBM diet. If the intestinal villi height can be increased early in the chick's life, then the chick may be able to utilize nutrients more efficiently earlier in life and thus have improved growth performance. Lilja (1983) reported that avian species with a high growth rate capacity were characterized by a rapid early development of the digestive organs and liver. Birds with faster growth rates were reported by Nitsan et al. (1991) to secrete high levels of digestive enzymes, implying that initial growth is only limited by the early development of the digestive organs. By reducing the time for development of the digestive organs, growth improvements could be achieved. Increased villi height has been proposed to increase performance by improving nutrient absorption (Coates et al., 1954; Izat et al., 1989) . The increase in villi height that was observed might indicate that the birds fed diets supplemented with 1% Gln might have had greater nutrient absorption and utilization because increases in villi height result in more surface area for nutrient utilization. The increase in surface area might also explain the significantly heavier intestinal relative weights (P < 0.05) and improved weight gain that were observed due to Gln supplementation. Even through the birds fed diets supplemented with 4% Gln had increased villi height and actually had the longest villi in comparison with the controls or the 1% Gln, they had the lowest growth performance. This may be due an imbalance in amino acids in the 4% Gln diet, or it could also suggest that in fact increased villi height does not necessarily lead to increased nutrient utilization and then increased performance.
Higher IgA concentrations in the serum, bile, and intestines observed in the birds fed diets supplemented with Gln support evidence reported by Burke et al. (1989) that rats fed diets supplemented with Gln maintained higher serum IgA levels than the other treatment groups that were not fed diets with Gln supplementation. The digestive mucosa is continuously exposed to dietary, bacterial, viral, and parasitic antigens (Strobel, 1986) . Specific protection against these antigens is achieved mainly by the secretion of IgA, which is synthesized in the gut-associated lymphoid tissue (Piquer et al., 1991) . The increase in IgA concentrations has been related to the increase in the number of lymphoid cells observed in the gallbladder (Leslie et al., 1976) of chickens and small intestine (Piquer, 1990) of turkeys. This suggests that the effect of Gln on the preservation of gut mass may include intestinal lymphoid tissue as well. The IgA functions primarily by preventing the attachment of bacterial to the mucosal cell (Burke et al., 1989) . The barrier function of the gut epithelium depends on the presence of IgA, and until IgA is present, the hatchling is more susceptible to oral pathogens (Sell, 1991) . The role of the gut as a barrier is to prevent the spread of intraluminal bacteria in systemic organs and tissues. This may indicate that the birds fed diets supplemented with 1% Gln had better gut barrier function because the birds had higher IgA concentrations in the intestines and thus may be more resistant to infection. However, these statements must be further studied and evaluated.
Glutamine supplementation has been shown to increase the proportion of CD4 + (T-helper):CD8 + (T cytotoxic/suppressor) cells (Kew et al., 1999; Yeh, 2001) , which suggests that the supplementation of Gln stimulates the proliferation of CD4 + (T-helper) cells in preference to CD8 + cells. The IgG expression is T-helper cell dependent (Singh, 1996) and is indicative of T-helper cell response (Mathers and Cuff, 2004) . Because IgG levels did increase in birds fed diets supplemented with Gln, this may indicate that Gln is important for the synthesis of the IgG antibodies or perhaps required for thymusderived (T)-cell helper function and response. The data we compared here indicated that alterations of total IgG production induced by dietary Gln in chicks without an antigenic challenge might reflect the potential of specific antibody IgG production when chicks are challenged with an antigen. However, further investigations are required.
Immune tissue development is the basis of immune functionality. The supplementation of Gln in diets fed to chicks significantly promoted the growth of the spleen and thymus (in experiment 1) but had no effect on the bursa weight. The increase in immune tissue weight resulting from Gln supplementation correlated with the functionality of thymus and spleen in terms of IgA and IgG production. The results of this experiment give insights into a potential dietary method to modulate chicken immune responses toward improving chicken performance under a given condition. For example, the inflammatory response is the first line of defense against novel pathogens, but cells and mediators of the inflammatory responses have been implicated in the pathology of many poultry diseases, including coccidiosis (Trout and Lillehoj, 1993) . Modification of antibody production and activity by dietary Gln supplementation may provide an avenue to strengthen the chicks immunity and protection against various pathogens. However, long-term effects of immunomodulation induced by Gln supplementation on the resistance of chickens to commercially relevant infectious challenges and chick performance remain to be investigated.
